Cardiac fibrillation is a major clinical and societal burden. Rotors may drive fibrillation in many cases, but their role and patterns are often masked by complex propagation. We used Singular Value Decomposition (SVD), which ranks patterns of activation hierarchically, together with Wiener-Granger causality analysis (WGCA), which analyses direction of information among observations, to investigate the role of rotors in cardiac fibrillation. We hypothesized that combining SVD analysis with WGCA should reveal whether rotor activity is the dominant driving force of fibrillation even in cases of high complexity. Optical mapping experiments were conducted in neonatal rat cardiomyocyte monolayers (diameter, 35 mm), which were genetically modified to overexpress the delayed rectifier K þ channel I Kr only in one half of the monolayer. Such monolayers have been shown previously to sustain fast rotors confined to the I Kr overexpressing half and driving fibrillatory-like activity in the other half. SVD analysis of the optical mapping movies revealed a hierarchical pattern in which the primary modes corresponded to rotor activity in the I Kr overexpressing region and the secondary modes corresponded to fibrillatory activity elsewhere. We then applied WGCA to evaluate the directionality of influence between modes in the entire monolayer using clear and noisy movies of activity. We demonstrated that the rotor modes influence the secondary fibrillatory modes, but influence was detected also in the opposite direction. To more specifically delineate the role of the rotor in fibrillation, we decomposed separately the respective SVD modes of the rotor and fibrillatory domains. In this case, WGCA yielded more information from the rotor to the fibrillatory domains than in the opposite direction. In conclusion, SVD analysis reveals that rotors can be the dominant modes of an experimental model of fibrillation. WienerGranger causality on modes of the rotor domains confirms their preferential driving influence on fibrillatory modes. Published by AIP Publishing. https://doi
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Cardiac fibrillation is a major cause of morbidity and mortality, including sudden death. During fibrillation, electrical activity in the heart is characterized by complex patterns of action potential (AP) propagation. It has been hypothesized that self-organized fast rotors of pivoting action potentials are the drivers of the fibrillation, however, those rotors are not always detected in patients with fibrillation and their role is still elusive. Here, we describe a mathematical procedure based on Singular Value Decomposition (SVD) and the Wiener-Granger Causality Analysis (WGCA) to extract more clearly the spatio-temporal patterns of rotational and fibrillatory activities during the arrhythmia and understand better their mutual influences. We apply the procedure on optical mapping data of fibrillation in a monolayer of cardiac cells and demonstrate that organized rotor activity is a leading mode of activation pattern causing the disorganized activity. Our results support the hypothesis that fast rotors drive fibrillation and the procedures we employ may possibly be applied to patients to identify the drivers of fibrillation for improved therapy.
I. INTRODUCTION
Ventricular fibrillation (VF) is a leading cause of sudden cardiac death, accounting for an estimated 300 000 fatalities annually in the United States alone. 1, 2 Atrial fibrillation (AF) is the major cause of embolic stroke and significantly increases morbidity and mortality. AF has reached epidemic proportions afflicting about 33 million people worldwide. 3 The mechanisms underlying cardiac fibrillation remain controversial. Some authors suggest that fibrillatory activity is sustained by a small number of self-organized, rapidly spinning electrical rotors. [4] [5] [6] Others propose randomly persisting wave breaking mechanisms, 7, 8 and still others favor ectopic activity, [9] [10] [11] or various combinations of the above.
12,13
Recently, we reported on a new application 14 of the singular value decomposition (SVD) method 15, 16 to analyze optical mapping data of VF recorded via fluorescence probes of voltage from the epicardium of isolated rabbit hearts. We used SVD to rank orthogonal spatio-temporal modes of activation and rank their importance based on their squared errors relative to the original dataset. We thus extracted the most significant constituents in the space-time domains of the cardiac fibrillation phenomena, without any preassumption on the data structure or underlying relationships. 17 By applying an undiscriminatory ranking of the modes of activation, we showed that rotor activity constitutes the most important pattern of propagation during fibrillation. 14 However, we were unable to demonstrate conclusively that rotors were the drivers of the fibrillation because our mapping coverage was not fully contiguous and did not give information on all the waves in the heart.
Here, we analyze a different experimental dataset of cardiac fibrillation that overcomes such limitations. Genetically and functionally heterogeneous monolayers of cultured ventricular myocytes provided a platform for studying fibrillationlike activity of waves optically mapped everywhere in the field of view and all the time. The movies of the excitation across the monolayers display organized waves propagating from a fast rotor region into an area of disorganized, fibrillatory, activity. By applying the SVD method to such data sets, we demonstrate that the rotors, unequivocally driving fibrillation, represent the leading dominant modes of activation.
We further seek to study the cause-effect relationships between the rotor and the fibrillatory activity as represented by the SVD modes. Hence, we use here for the first time the Wiener-Granger causality analysis (WGCA) on the leading modes of the SVD, assuming that these carry the important phenomenon-information, for an objective assessment, that is independent of specific propagating waves, to potentially improve understanding and maybe therapy of fibrillation. The Wiener-Granger causality analysis (WGCA) attempts to assess the direction of flow of information among observations given as the time series. 18 The method, developed originally in economics, is a well-established procedure nowadays that has found applications in many fields, including brain research and heart control. 19 In its most comprehensive form, the WGCA considers the mutual multivariate interactions between all the constituents of the system for elucidating on the network of information flow. 20 However, here, we decompose the system of fibrillation to discrete hierarchical modes of operation by the SVD prior to the WGCA, and thereafter consider flow of information between all pairs of observables separately, in what is known as a bivariate WGCA. This is a first step of using WGCA to complement previous studies that applied WGCA to fibrillation, 21, 22 but without data on rotors and their effect. Overall, our application of the bivariate version of WGCA illustrates a new method of dissecting the role of leading normal modes in the midst of complex patterns of activation during fibrillation, to enable better characterization and localization of its drivers.
II. METHODS

A. The experimental setup and data acquisition
The experimental setup to study cardiac fibrillation used here consisted of a 35-mm circular dish containing a heterogeneous monolayer of cultured cardiac cells described elsewhere. 23 Briefly, cardiac myocytes were isolated from neonatal rat ventricles and cultured. The cells' monolayer was made electrically heterogeneous by adenoviral magnetofection of KCNH2, the gene coding hERG, which is responsible for the rapid delayed rectifier K þ channel (I Kr ). The action potential duration (APD) was significantly shorter in the I Kr overexpressing than in the non-magnetofected monolayer half. 23 The cell culture was then stained with a voltagesensitive fluorescent dye di-8-ANEPPS; fibrillation was induced by a brief burst of high frequency pacing, and the spatio-temporal behavior of their fibrillatory activity (fluorescence) was mapped with a CCD camera (80 Â 80 pixels) at 199 frames per second. We obtained and analyzed ten 1-s movies from 8 monolayer experiments. 23 Transmembrane potentials were taken as the difference between the original fluorescence and the fixed background fluorescence and normalized to their maximal amplitude. 23 Frame areas outside of the 35-mm diameter cell monolayer were set retrospectively to have a zero constant value.
B. Rotor detection in phase movies
Rotors of action potentials were detected 24 in fluorescence movies by the presence of spiraling waves and with greater accuracy in phase movies. Phase movies were obtained by applying the Hilbert transform to the all timeseries of movie data format. 25 The Hilbert transform generates a 1 = 4 -cycle shift of all spectral components of a time series and is used to calculate the instantaneous phases of each one of the movie pixels in its own cycle. The spatial point, toward which all phases converge and around which a complete 2p phase values are present, indicates the pivoting of the action potential wave and is denoted as a singularity point (SP).
C. The singular value decomposition method
Singular Value Decomposition (SVD) calculates the spatio-temporal modes of a dynamic system and ranks them according to their energy level or importance.
14 The SVD analysis we employ here is built on the method of snapshots. 26 Consider a movie containing the time sequence of a large number of frames (snapshots), each containing space information at a particular instant of time, and whose collection represents the evolution of the phenomenon, which in our case, is the fibrillation-like spatiotemporal patterns of action potential (AP) propagation across the cell monolayer. 23 Each snapshot at time t i , (i ¼ 1…I; t i ¼ t 0 þ iDt) consists of a grid of M rows and N columns resulting in J ¼ M Â N pixels carrying the entire spatial information at this time point. The total number of data points in a movie is therefore, I Â J. The movie data points are rearranged for the SVD analysis in a rectangular matrix B in the following manner: The column vectors of B, each at time t i , are vectors b r j ; t i ð Þ , (j ¼ 1…J), with a 1 dimensional sequence of the original AP value of the pixel at location r j in a frame at time t i . Thus, B contains a total of J rows of the space information at each time point, and I columns of the time information. The SVD procedure then decomposes the matrix B by a left and right diagonalization into a product of three matrices: B ¼ USV À1 , where U is a square matrix of size J Â J whose J orthonormal eigenvectors relate to the spatial part of the phenomena; V is a matrix of size I Â I whose orthonormal eigenvectors are related to the temporal part of the phenomena; and S is a rectangular matrix of the same size as B, (I Â J) with diagonal-only non-zero elements who are the eigenvalues providing the importance level, analogous to the energy level of the corresponding spatial and temporal eigenvectors. Sorting the eigenvalues set s k [k ¼ 1…min I; J
ð Þ] in a descending order together with the corresponding spatial and temporal eigenvectors, one obtains the final SVD diagonalized form: the left hand eigenvectors, U k r j ð Þ , are the timeaveraged spatial modes constituting the time-constant, i.e., standing patterns, basis for the phenomenon, and the right hand eigenvectors V k t i ð Þ are the space-averaged temporal modes constituting the temporal behavior of the whole region (see Sec. IV below for further explanation).
The spatial picture of the modes is then obtained by rearranging the eigenvector U k r j ð Þ at a respective eigenmode k and positioning its value at its corresponding grid location x j (j ¼ 1…J). The projection of the original movie on each U k r j ð Þ yields a set of time-dependent projection coefficients a k t ð Þ proportional to the inverse of V k t i ð Þ. Since the U k r j ð Þ eigenvectors obtained in the SVD process are orthonormal, the a k t ð Þ coefficients are obtained by a scalar product between the original b r j ; t i ð Þ and the eigenvector U k r j ð Þ
One can thus reconstruct the process in time with a least square approximation. The Pth P < J ð Þorder best fit approximation to the original vector b r j ; t i ð Þ is obtained by
Since the modes are ranked by their level of importance to the phenomenon, these approximations in most cases can actually enhance the movie interpretation by removing less significant modes. Alternatively, the reconstruction with a subset of lower significance modes could assist in interpretation of the non-dominant features of the phenomenon. In presenting the spatial modes below, each mode is self-normalized in such a way that its average is zero; the pixel having the highest positive value of transmembrane potential (fluorescence) is in red while the lowest negative value appears in blue. All SVD analyses are performed in Matlab (Mathworks, Natick, MA).
D. The Wiener-Granger causality method
The Wiener-Granger causality analysis (WGCA) employed here finds a possible flow of information between a pair of phenomena constituents (bivariate) given by two discrete time-series. A bivariate WGCA causality is established, and we say, that the phenomenon described by the time series y t ð Þ causes (at least partially) the phenomenon described by time series x t ð Þ when the information from y t ð Þ improves the accuracy of the autoregressive (AR) model estimation of x t ð Þ. We start by expressing x(t i ), where
by its AR estimation, calculated based on its previous values, and an error term
where n is the maximum number of lagged observations (maximum delay) to be determined, and E x1 is the error between the single-variable AR series and the original time series x t i ð Þ. The parameters A m are obtained by minimizing the sum of squared errors between the AR series and the corresponding original time series. Then, the y t i ð Þ information is incorporated into the x t i ð Þ bivariate AR series in the following way:
If the error between the original x t ð Þ and its AR-based estimation is reduced by this incorporation, i.e., if the variance of E x2 is smaller than that of E x1 , then it is determined that y t ð Þ WGCA causes x t ð Þ. The Wiener-Granger causality scheme predicts a time forward effect. Since the possible impact of y t ð Þ on x t ð Þ in our system is determined by the action potential propagation (see Sec. IV), the maximum delay between the two series has to be determined. Thus, to avoid a bias, when two timeseries are compared here, the analysis is repeated with an increased maximum delay in the time-series until the Fstatistic comparing the two becomes constant. 27 (In a different multivariate package, 28 this task is accomplished either by the Akaike or by the Bayesian methods).
We postulate that the normal modes of the SVD are carriers of fibrillation information and apply the bivariate WGCA method on those modes to study their mutual influence. Specifically, we use the time series of temporal modes e.g. k1 and k2, v 1 ¼ a k1 t i ð Þ and v 2 ¼ a k2 t i ð Þ as the time series that can influence each other. We analyzed here possible mutual influences for all permutations in the four leading modes following the background first mode, namely, modes 2-5 of the SVD analysis of the whole monolayer as a single region, or modes 2-3 of SVD analysis of two different regions of the monolayer. For each pair of time series modes we calculate the alteration in the error between the original, observed, time series, and the estimations of each of the modes following incorporation of the AR of its paired mode. 29 We then calculate the statistical significance in augmentation of information (reduction in error) via F-statistic (F) and the critical F from the F-distribution (F c , a ¼ 0.05). 30 Wiener-Granger causality is then assigned to be positive in a specific direction between the time series of the pair when F > F c . Notably, F c is different in tests of different pairs of signals here because F c depends on the number of degrees of freedom in the F-statistics, and in our analysis that number varies with the specific backward lag selected for each particular pair of the time series tested.
III. RESULTS
A. Fibrillation-like activity in the monolayers
In all 8 experiments, heterogeneous overexpression of hERG increased I Kr and abbreviated the APD in one half of the monolayer, leading to spatio-temporal patterns of activity resembling cardiac fibrillation. Figure 1 shows raw optical data from a sample monolayer that exhibited a clear rotor driving fibrillatory activity. 23 The sequential snapshots illustrate a counter-clockwise rotor spinning stably in the bottom half region of the monolayer, where I Kr was overexpressed (asterisk). Since all waves in this bottom half followed without interruption, this region is termed the "rotor domain" (RD). The rotor is seen to generate waves propagating toward the area of un-altered I Kr , giving rise to complex (fibrillatory) patterns of propagation with intermittent blockades. Therefore, this region is termed the "fibrillatory domain" (FD). Sample single pixel recordings from the two domains show activity at a dominant frequency (DF) of $15 Hz at the RD (signal 1) and $12 Hz in the FD (signal 2), consistent with previous analysis of the data (Power spectra not shown; see Ref. 23 ). In multiple experiments with similar regional I Kr overexpression, the infected half (RD) showed predominantly single stable rotors spinning at DF % 16 Hz; the uninfected half (FD) showed fibrillatory activity at DF % 12 Hz (p < 0.05). 23 The question that arises here is whether the RD and FD, which together form a single unified system, are separable in such a way that enables establishing their cause and effect relationship together with their DF hierarchy. To answer this question, we apply the SVD and WGCA approaches, as shown below.
B. SVD of fibrillation driven by rotors
We first applied SVD analysis to the movie from which the data set in Fig. 1 was extracted (both RD and FD) . The spatial eigenvectors of the first 6 modes are shown in Fig. 2 in the grid format corresponding to the original movie frames. The first mode shows an almost uniform distribution of the signal, which as shown below (Fig. 3) , corresponds to an almost time-invariable background mode, which is disregarded hereafter as it carries no action potential information. It is clear from the patterns of the red and blue values in space that the next two eigenvalue modes, modes 2 and 3, correspond to the rotor activity in the RD, and the following eigenvalue modes, modes 4 and 5, corrrespond to the fibrillatory waves in the top FD. Since the two monolayer halves occupy areas of equal size, one may conclude that because the rotor in the bottom half occurs in the higher ranked modes (lower mode number), its influence did not change 3. The projections, a k (t) , of the first six modes of the fibrillation movie described in Fig. 1 . The first mode projection, a 1 , corresponds to small oscillations around a steady background as shown in the spatial mode 1 in Fig. 2 . The projections a 3 and a 5 are 1 =4 phase shifted relative to a 2 and a 4 , respectively.
(in the sense of causality), as the driving rotor on the fibrillatory region is higher than the influence of the top, fibrillatory region on the bottom half. The dominance of the RD at the bottom half driving the upper FD half will be further demonstrated below with the use of the WGCA test.
The spatial eigenvector maps in Fig. 2 correspond to the standing waves underlying the dynamic system, without any motion in them. To obtain their temporal significance, we project the original time series on the modes using Eq. (1). The projections a k (t) are presented in Fig. 3 . They show the temporal behavior of each entire mode rather than of the time series at each single pixel. The projection of mode 1, a 1 , corresponds to a relatively small oscillation around a constant value. Modes 2 and 3, representing the rotor in the RD in Fig. 2 , are activated mainly at a frequency of about 14 Hz, and are shifted at about a 1 = 4 cycle relative to each other, thus demonstrating the orthogonality of the modes. It is this shift in phase between modes that leads both to the spiraling pattern of motion seen in the original movie, to the propagation of patterns seen in the sequential snapshots in Fig. 1 and to the reconstructed movies shown below. Modes 4 and 5, which are seen in Fig. 2 to represent the fibrillatory activity in the FD, are activated at $11 Hz and are also shifted by about 1 = 4 cycles relative to one another, also indicating wave propagation.
C. Advantages of the selected SVD mode reconstruction approach
Using only the four 2-5 leading modes, enables highlighting of the main features of the activity throughout the monolayer (by removing low energy modes). Accordingly, to demonstrate the benefit of separating the fibrillatory activity in different dynamic regions, we reconstructed the spatio-temporal behavior with only selected spatial and temporal SVD modes 14 that corresponded to both the RD and FD halves of the monolayer. Figure 4 shows sequential snapshots at 5 time points of 3 different reconstructions by Eq. (2) using 2 and 4 phase-shifted temporal modes to retain the primary and secondary dynamic features of the spatio-temporal patterns of activity: modes 2 and 3 (A), modes 4 and 5 (B), and 2, 3, 4, and 5 (C). The snapshots of the reconstructed movies further demonstrate that modes 2 and 3 correspond to the rotor in the bottom half of the monolayer, while modes 4 and 5 correspond to the fibrillatory activity at the top half. The combination of the 4 modes in the bottom row of snapshots illustrates the relative impact of the rotor: The darker red and blue colors in the bottom are indicative of the higher influence of the rotor compared to the fibrillatory activity in its periphery.
The correspondence between the dominance of modes and the dominance of the rotor activity is also evident by spectral analysis of the leading ranked modes. The graph of Fig. 5(a) shows the normalized eigenvalues (energies) s k of the ranked modes. Visibly, the SVD eigenvalues energy drops quickly with the rank, retaining the information on fibrillation in a few leading modes only: modes 1-6 contain $44% of the total eigenvalue (energy) of the system measured by the eigenvalue sum. An FFT analysis of each pixel was applied to a movie reconstructed from the leading modes 2-5 of the SVD analysis [ Fig. 4(c) ] to obtain spectral information on the activity in the RD and FD. Figure 5(b) shows only the DF map of the spectrum with 14.37 Hz at the RD and 11.06 Hz at the FD, consistent with the dominance of the rotor at the bottom half as shown previously. 23 The SVD provides further novel insights into the hierarchical spectral dichotomy between RD and FD; reconstruction of the movie with leading modes 2-3 yields a uniform DF of 14.3 Hz (not shown) with higher amplitudes at RD [ Fig. 5(c) ], and the reconstruction with the next leading modes 4-5 yields a uniform DF of 11.06 Hz (not shown) with higher amplitudes at FD [ Fig. 5(d) ]. From Fig. 5 panel (a) , the ratio of the sum of eigenvalues of modes 2 and 3 to that of 4 and 5 is 1.78. Thus, the SVD analysis of the entire monolayer, which unlike FFT analysis, does not depend on the harmonic structure of the data, validates the dominance of the rotor normal mode activity over the fibrillatory normal mode activity in the setting of this cells monolayer experiment. 
D. Wiener-Granger causality and dominance of rotor domain modes in fibrillation
The foregoing movie reconstructions demonstrate that the highest ranked spatial normal modes highlight rotor activity in the I Kr overexpressing region of the fibrillating monolayer (Figs. 2, 4, and 6 ). Here, we use the WienerGranger causality analysis (WGCA) method to analyze the cause-effect direction of the modes containing rotor and fibrillatory activity to demonstrate that such rotor modes indeed drive fibrillation in the monolayer.
In Fig. 7 , we first consider the Wiener-Granger causality between SVD modes of the entire monolayer. Panel (a) shows schematically that we are analyzing here all possible inter-modal influences among temporal projections a k t ð Þ for SVD of the entire monolayer (M2-M5). A cause-effect table in Fig. 7(b) was built for the sample movie analyzed in Figs However, a summary of the cause-effect inter-modal directions for 10 experiments with a similar I Kr configuration reveals a widespread exchange of information between all modes. The table in Fig. 7(c) shows that all modes 2-5 contribute information to all other modes 2-5. The positive Wiener-Granger-causality relationships (F > F c ) varied across experiments. Specifically, the F-statistic values for modes 2-3 and modes 4-5 (two green squares) were 5.36 (4.22-11.51) and 5.78 (2.06-11.16), respectively (median and 1st and 3rd quartiles), and the number of positive Wiener-Granger-cause cases for both directions was indistinguishable at 31/40 and 24/40 (Fisher exact test p ¼ 0.14), respectively. This result of information flow across all modes, high modes to low modes, and vise-versa, is consistent with the spatial extent of each mode across both RD and FD. That is, the global SVD analysis reveals that the RD activity in modes 2-3 has higher signal amplitudes relative to modes 4-5. However, in the FD, activity in modes 4-5 has higher amplitude relative to modes 2-3 (see Fig. 2 ).
Our SVD analysis points to a specific region of the cell monolayer harboring a fast rotor (i.e., the RD) and having higher ranking modes. Therefore, we surmised that the dominance of the rotor on the fibrillatory activity will be established with WGCA applied to modes obtained by regional, but not global, SVD processing. Accordingly, the movies were divided into RD and FD movies, each being subjected to separate SVD analysis. In Fig. 8 , we present regional spatial and temporal SVD modes of the sample movie already analyzed using whole monolayer SVD (see Fig. 6 ). Comparing the regional spatial modes 2 and 3 in Fig. 8(a) with those of Figs. 6(c) and 6(d) , it becomes clear that the regional SVD homogenizes the rotor and fibrillatory patterns of the respective RD and FD spatial domains. In Fig. 8(b) , the temporal FD modes are more complex than the RD modes, relative to the difference in complexity between the temporal modes a 4 and a 5 versus a 2 and a 3 in Fig. 3 ; a 4 and a 5 in Fig. 3 look more organized than a 2 and a 3 of FD in Fig.  8(b) because the SVD was performed on smaller and more homogeneous patterns in Fig. 8 . Figure 9 (a) illustrates the configuration of the leading normal modes 2 and 3 of regional SVD used for the regional WGCA. Figure 9(b) shows the cause-effect relationship for the clear sample movie analyzed in Figs. 1-5 . In this case, the RD modes cause all possible FD modes and none of the FD modes cause any of the RD modes (Fisher exact test p ¼ 0.0143). This is a clear uni-directional cause-effect relationship from the rotor to the fibrillatory domain. On the other hand, analysis of the less clear movie illustrated above in Fig. 6 shows a deviation from the uni-directional causeeffect of RD to FD. Figure 9 (c) demonstrates that the RD causes FD modes, but a retrograde effect is also noted: the normal modes 2 and 3 of FD affect mode 3 of RD. This retrograde cause-effect direction is consistent with the spread of the activity in the movie reconstructed with modes 4 þ 5 [ Fig. 6(d) ] into the lower region, where the figure-of-8 rotors were found [ Fig. 6(f) ]. 7(c)], the RD and FD partitioned SVD showed significant preferential directionality of cause from the RD to the FD; in 19/40 cases we found positive RD to FD Wiener-Grangercause (green square) and only in 10/40 we found positive FD to RD Wiener-Granger-cause (red square; Fisher exact test p ¼ 0.04).
IV. DISCUSSION
We analyzed fibrillation-like activity in genetically and functionally heterogeneous cultures of cardiac cell monolayers. Previous studies have demonstrated that the fibrillatory activity in such monolayers is driven by fast rotors localized in the area with over-expressed I Kr . 23 Our main finding is that singular value decomposition (SVD) of the optical mapping data of such complex activity into orthogonal spatio-temporal modes can rank hierarchically the electrical activity to functional roles of driving and bystander regions. Using the Wiener-Granger causality analysis (WGCA) on a non-binding localization of the SVD modes of fibrillating monolayers, we demonstrate an asymmetric flow of information from RD into FD, providing an objective support for the driving role of rotors in fibrillation. In contrast to WGCA, on specific-localization SVD modes, 19 our approach is not assuming an a priory location of sources and therefore it opens the probability for improved mapping studies in patients with cardiac fibrillation.
A. Rotor waves in fibrillation
Studies have suggested that electrical turbulence in fibrillation is associated with large oscillations in the action potential duration and amplitudes leading to breakup of rotors into a multi-spiral disordered state. 31, 32 However, in contrast to the breakup mechanism, it has been shown that under appropriate conditions, rotors may be long lasting even in the structurally normal heart and result in a high degree of spatial and temporal organization, 24, 33, 34 although during fibrillation there may be a wide spectrum of rotor behaviors: studies in mice 35, 36 and guinea pigs, 37, 38 have suggested that fibrillation is the result of a high-frequency rotor stabilized somewhere in the myocardium and the complex patterns of activation that are observed throughout the ventricles are the result of the fragmentation of emanating electrical activity from that rotor, i.e., fibrillatory conduction. 39 Similarly, in larger species such as rabbit or sheep, it has been demonstrated that a single drifting rotor can give rise to a complex pattern of excitation that is reminiscent of torsade de pointes or VF. 40, 41 Recently, mapping advances in the clinic have revealed a variety of rotor activity also driving paroxysmal and persistent AF in patients. 6, 42, 43 B. The SVD analysis method
The SVD method extracts the following components from movie data without any preconceived knowledge of the substrate, frequency of activity, or even patterns of propagation: (i) the spatial normal modes in an image format that describe standing waves underlying wave propagation; (ii) the time evolution of each of the spatial normal modes [described by projection a k (t)]; and (iii) the importance level of the modes as expressed by the eigenvalues of the system. The importance of a mode is determined by the level of the sum of squared errors between the spatio-temporal evolution of that mode and the original phenomenon. Accordingly, one can interpret the leading, most important mode, as the one rendering the smallest sum of squared errors; then, the first mode's evolution is subtracted from the original; and the second important mode is found as the one rendering the minimal sum of errors between its evolution and the subtracted original, and so on for the rest of the sorted modes.
In Figs. 2-6 , we present the spatial, temporal, and spectral manifestation of the activation modes during fibrillation in the monolayer. Since the SVD modes are ranked by the level of importance to the phenomenon, these approximations in most cases can enhance the movie interpretation by filtering out less-significant features and highlighting their most significant ones. In the examples analyzed here, the higher eigenvalue ranks clearly show that the monolayer half containing the rotor has a greater impact than the top half with fibrillatory activity. This result gives novel meaning to the dominance of the rotor in driving the fibrillation, which is independent of the analysis of the propagation direction and activation rate. 39 The activation frequencies of modes 2 and 3 as well as 4 and 5 in Fig. 2 , which correspond, respectively, to the DFs in bottom and top halves [ Fig. 5(b) ], are consistent with the FFT-based DF gradients in the transmembrane potential time series of the optically mapped heterogeneous cell culture shown by Campbell et al. 23 The similarity in the spatial distribution of the activation rates obtained through FFT analysis by Campbell et al. and the SVD results here suggests that the spatial hierarchy of DFs found in other animal 17, 44 and human 45, 46 studies of AF indeed point to the highest DF site as the site harboring the driver of the arrhythmia.
Our SVD results do not depend on the sampling rate. For instance, under a 10 times slower sampling rate, results (not shown) were similar to those acquired at the maximum sampling rate. Note, however, that higher sampling rates provide better resolution in the reconstructions and sharper images.
C. The Wiener-Granger causality analysis
Granger's proposed technique 18 and its expansions 47 have been applied in many fields of science and in recent years have found extensive practice in brain and neurology investigations. 46 The WGCA was also used in an attempt to evaluate the dominance of blood pressure on the heart rate or vice versa. 48 The method's application to the fibrillating heart did not however have a clear relationship to an independently verifiable rotor driver of fibrillation as the data analyzed in the past consisted of single electrode recordings 21 or multiple recordings performed sequentially. 22 We have performed a bivariate WGCA here on two kinds of SVDs; the first corresponds to the entire monolayer (Fig. 7) and the second to the separated rotor and fibrillatory domains (Fig. 9) . In this way, we obtained information on the Wiener-Granger causality flow between (i) modes with different importance and (ii) the rotor and fibrillatory domains. Our WGCA results from the whole monolayer SVD (Fig. 7) indicate that when rotor activity clearly occupies half of the preparation, then information flows from the primary, rotor, modes to the secondary, fibrillatory, modes. However, on average, when analysis includes also experiments in which the rotor activity is less clear, as in Fig. 6 , then information is also flowing from the secondary modes to the primary ones. On the other hand, WGCA results from separated SVD modes (Fig. 9) render the overall possibility of information flowing from the fibrillatory domain into the rotor domain significantly less likely than the flow from the rotor domain into the fibrillatory domain. Taking the analysis of Figs. 7 and 9 together, we suggest that the WGCA is more effective in identifying fibrillation driving regions when it is implemented separately on regions of interest selected for their uniform activity. Further research is required to more precisely delineate the specificity and sensitivity of the WGCA to perform such a task in non-simultaneous observations.
In our study, a repeating bivariate WGCA was applied with an increasing delay between the source and destination time series pair until results became fixed for each pair. The results became fixed at delays between 125 and 250 ms. It turns out that these delays are consistent with a physiological delay between the source and destination based on the physical time of propagation of the cells' action potential from the RD to the FD; if the propagation velocity is in the order of 0.1 m/s, 23 then it takes the order of 0.1 s to cross the distance of about 1 cm between these two regions and cause an effect there. Thus, a value of lag range of 1/8-1/4 s guarantees that the effect in the FD caused by the RD, if there is one, has occurred.
D. Limitations
There are several limitations to our study. (i) In our WGCA, we used a linear AR model whose order was obtained by the smallest order above which the results, both of the WGCA and of the F c , become constant. Thus, the WGCA used here can treat only the linear features of the time series. Obviously, since we are dealing here with rotors, which are nonlinear in nature, some nonlinear effects could possibly appear. Extensions of causality tests to nonlinear ones are available 49 however, their statistical properties are less well understood and their application deserves future studies. (ii) The WGCA is based on F-statistic assuming normal distribution of data and is sensitive to noise. 50 As the values of the time series variables analyzed here (the leading temporal SVD modes) 14 may not necessarily distribute normally, using the F-statistic is to be considered a simplified analysis. (iii) Our fibrillation model activity is decomposed into multiple modes which could also be considered as a network of multivariate constituents with multiple information transfers. In such cases, a WGCA approach could consider a constituent variable causing another constituent variable when all constituents are included in the AR. 28, 51 Here, on the other hand, the approach was simplified to consider the time series of each pair of variables (bivariate) separately. Notwithstanding, the pair-wise bivariate WGCA of leading SVD modes is effective in showing a preferential transfer of information from a rotor to its fibrillatory periphery. (iv) The translation of our WGCA in the monolayer system to other experimental setups and patients will be difficult because of latent confounders being absent here. For example, in a prominent case, a latent confounder was present in patient data in the form of respiration and neural modulation. 52 Nevertheless, our conclusions here are solid since our system of cardiac cells monolayers is in part very effective in minimizing the confounding factors. Indeed, our optical mapping of the monolayer activity is devoid of 3-dimensional propagation which hampers interpretation of patient data during fibrillation. 25 We also reduce confounding factors by inappropriate data acquisition; the optical mapping characterizes the local activity without the confounding effects of far-field contributions in electrical recordings which is a serious limitation of interpreting fibrillatory activity. In addition, the monolayers are devoid of motion artifacts as all the cells are completely attached to the bottom of the well. (v) Our results may depend on data acquisition features such as spatial resolution, sampling rate or duration of the time series. Sample testing (not shown) confirmed the independency of the main results in reducing the sample rate down to 50 frames/s. Pooling data of 10 independent experiments also increases statistical reliability. Nevertheless, a detailed investigation on the stability of the results against different sampling rates, as well as other data acquisition features and computational approaches, is warranted in future studies.
E. Conclusions
In summary, a novel form of SVD analysis followed by a WGCA have been applied to fully contiguous and high resolution optical mapping data of fibrillation-like activity in cultured cardiac cells monolayers known to be driven by rotor activity. The strength of the new approach is demonstrated by its ability to rank the dominance of certain areas in the maintenance of the fibrillation, without predetermined assumptions and analysis of activation patterns, directionality, and/or rate. In particular, the analysis performed here reinforces the role of the rotors and its highest local DF as pointing to the source of the waves during fibrillation and links together distant regions through the WGCA. It is suggested that other procedures such as the FFT or Hilbert transform can be applied following the SVD analysis to extract important features of the excitation waves. However, our causality analysis also shows a possible reverse influence of the fibrillatory modes on the rotor modes which is to be studied further in the future. The new application of the SVD/ WGCA method boosts our solid system-level investigation toward improved understanding and therapy of the highly complex, and often fatal, arrhythmia, that is cardiac fibrillation.
